We developed a facile method to synthesize core-shell WC@meso-Pt nanocatalysts by carburizing ammonium tungstate and copper nitrate via gas-solid reactions, followed by a Pt replacement reaction. The mesoporous nanocomposite displays higher activity and stability towards methanol electrooxidation than commercial Pt/C catalysts.
are popular methods for the synthesis of core-shell materials (such as Au/SiO 2 , Fe 3 O 4 /SiO 2 , etc.).
3 Gas-solid reaction, which can be an effective route for large-scale material production, has recently been explored for synthesising core-shell oxide materials.
5
Tungsten carbide (WC) is an excellent candidate component for core-shell materials owing to its unusual properties, such as high melting point, superior hardness, high oxidation resistance, and superior electrical conductivity. 6 WC was also shown to have a platinum-like behaviour towards the chemisorption of hydrogen and oxygen, and its applicability as an alternative electrocatalyst to Pt has been demonstrated. 7 WC may enhance both the physical and chemical properties of core-shell structures 8 and the coactivity of WC and Pt has been revealed recently. 9 Although it is expected that WC-Pt nanocomposites with uniform core-shell structure are likely to have excellent catalytic properties, 10 significant synthetic challenges remain because the unique properties of WC impede the formation of the nanoporous core-shell construction. Nevertheless, we have recently demonstrated that nanosized and mesoporous WC can be prepared by carefully designing precursors to have the targeted shape. 11 It has been shown that process temperatures higher than 600 1C can result in the shrinkage and closing of mesopores. 12 The secondary reunion of WC nanoparticles is unavoidable during the high temperature carburization process (800-1000 1C), 13 which is the main obstacle in the preparation of nanosized WC materials. Herein, we report for the first time, the solvent-and templatefree synthesis of nanosized core-shell WC@meso-Pt materials via a gas-solid reaction (Fig. S1 , ESI †), followed by a simple Pt replacement of Cu.
The microsized ammonium metatungstate hydrate precursor ((NH 4 ) 2 W 4 O 13 ÁxH 2 O, approximately 12 mm in size) was mixed with copper nitrate by spray drying and then self-disintegrated into nanosized particles in a temperature programmed gas-solid reaction (Fig. S2, ESI †) . The phase purity of the obtained samples was characterized using a Thermo ARL SCINTAG X'TRA diffractometer with Cu Ka radiation (l of 0.1541 nm). As shown in Fig. 1a , the intensive diffraction patterns of the WC@Cu sample (as-prepared) can be indexed to that of the hexagonal phase (HCP, space group P6m2) with lattice constants a and c of 2.91 Å and 2.84 Å, respectively, for WC (peak intensities and positions are shown and confirmed from JCPDS card number 25-1047). In addition, the diffraction peaks are assigned to the face-centred cubic (fcc, space group Fm3m) Cu crystal, which matches well with the JCPDS card number 04-0836.
The WC@Cu powders were then treated by a reaction of Pt replacing Cu in a chloroplatinic acid (H 2 PtCl 6 ) solution ( Fig. 1a-1 ) at 50 1C. It can be seen clearly that the replacement reaction changes the colour of the solution from yellow (Pt 4+ ions) to blue (Cu 2+ ions) (Fig. 1b-1 powder sample was separated and characterized by XRD (Fig. 1b) . The diffraction peaks at 2y, approximately 39.71, 46.21 and 67.41 in curve b (Fig. 1b) , were assigned to (111), (200) and (220) facets of the fcc Pt crystal, respectively. Careful examination of the Pt(111) peak showed that there was a shift to a slightly higher 2y value of approximately 40.31, which may indicate incorporation of trace smaller Cu atoms into the Pt lattice resulting in lattice contraction.
14 Energy dispersive X-ray spectroscopy (EDS) data (see Fig. S3 , ESI †) confirm the presence of trace Cu in the as-prepared sample, named WC@(Cu)Pt. It is worth noting that copper nitrate was introduced in the precursor mixture to prevent reunion of the WC nanoparticles. Size-controlled growth is crucial to producing well-defined nanoparticles; self-assembly is a cost-effective way to achieve this purpose. The reunion-restriction of the WC nanoparticles relies on the addition of copper nitrate; Cu(NO 3 ) 2 decomposition could produce gas which could separate the WC particles.
5b Fig. 2 shows the scanning electron microscopy (SEM) images of the resultant nanosized WC@(Cu)Pt, in comparison to the microsized precursor. In a parallel experiment, in which the copper nitrite was omitted from a precursor mixture, only microsized irregular particles were obtained (Fig. S4, ESI †) . During the heating process, ammonium metatungstate decomposed to WO 3 (Fig. S5 , ESI †) which has a much higher melting point of 1473 1C. The phase separation could result in a core-shell structure ( Fig. S6 and S7 , ESI †). At reaction temperatures of 350-800 1C, reduction and carburization of CuO and WO 3 would take place synchronously and the WC@Cu core-shell nanoballs (Fig. S7, ESI †) were formed. Formation of WC may follow the route (eqn (1) (Fig. S3 , ESI †). Transmission electron microscopy (TEM) (Fig. 3a and b) images of WC@(Cu)Pt display nanoballs with core-shell structure. The core-shell structure was further confirmed by EDS line-scan analysis (Fig. 3c ) of the profiles of Cu, Pt and W along the selected line across the particle. The lattice spacings for the Pt shell area were found to be 2.26 Å and 1.96 Å (Fig. 3d) , which match well with the lattice spacing of (111) and (200) planes of the Pt crystal. For the inner area of the shell, the measured lattice spacing of 1.89 Å is very close to the value obtained for the cubic lattice of CuPt. Small pits appearing on the outer surface of the particle suggest that the corrosion process must have been locally initiated rather Fig. 1 The powder X-ray diffraction (XRD) patterns of (a) the WC@Cu sample and (b) the WC@(Cu)Pt sample obtained from WC@Cu after the reaction of Pt replacing Cu in a chloroplatinic acid solution. Fig. 2 Scanning electron microscopy (SEM) images of (a) the spray dried precursor and (b) the nanosized WC@(Cu)Pt sample, the inset shows particle size distribution. than all over the surface. Dissolved chloride (Cl À ) ions (coming from H 2 PtCl 6 ) may play a significant role in this corrosion process. 16 The adsorption of Cl À ions on the surface is likely to enhance the rate of surface diffusion and thus can speed up the pitting process which may also favour the formation of mesoporous Pt. For application in direct methanol fuel cells (DMFCs), the electrocatalytic activity of WC@(Cu)Pt towards methanol oxidation was investigated. The cyclic voltammograms (CVs) were collected in 2 M CH 3 OH + 1 M H 2 SO 4 solution. Interestingly, it was found that the first and second cycles were unstable and some peaks disappeared with additional cycling (Fig. S8a, ESI †) . The peak centred at around 0.20 V in the initial two forward scans was the result of the dissolution/oxidation of Cu which was verified by the CVs obtained from the WC@Cu sample (Fig. S8b, ESI †) . The morphology of the electrooxidation treated WC@(Cu)Pt sample was then checked, and no significant change in the particle size (see inset in Fig. 3e ) was found. However, the dispersion of the Pt shell appears to have a significantly higher permeability.
For the as-prepared WC@(Cu)Pt, Pt(111), Pt(200) and a trace amount of CuPt(200) phases are dispersed in the shell (Fig. 3d) , whereas for the electrooxidation treated sample, no Cu was detected and almost all Pt particles were found to have micropores (Fig. 3e) . This is because, as observed in the forward scans in the CVs (Fig. S8a, ESI †) , the oxidative removal of Cu caused the pits to form on the surface of the particles, resulting in the formation of micropores on the Pt layer. The treated sample which exhibits mesoporous Pt shell structure was identified as WC@m-Pt, with an effective Pt crystal plane (111) in the shell area, displaying an expanded surface area and a meso/microporous structure (Fig. 3e, pores (B2 nm) , also see the pore-size distribution and small angle-XRD data in Fig. S9, ESI †) .
Further electrochemical tests show that, compared with the conventional Pt/C(10 wt% Pt, Johnson Matthey Corp. through Hesen Co.), the electrochemically active surface area (evidenced from the hydrogen adsorption-desorption current density in an acid electrolyte, see the inset in Fig. 4a ) of the WC@m-Pt is much higher, and its electrocatalytic activity towards methanol electrooxidation is significantly higher than that of Pt/C, e.g., a peak current density of 275 mA cm À2 in comparison with 136 mA cm À2 observed in the CVs (Fig. 4a ).
In addition to activity, stability of the electrocatalyst is also an important feature for its application. Compared to Pt/C, WC@m-Pt exhibited a superior long-term electrocatalytic activity towards methanol electrooxidation, as evidenced from the chronoamperometric data (Fig. 4b) which show a stable and significantly higher current density at 0.3 V after 30 min, revealing the inherent catalytic stability. The mesostructure of the Pt-shell (crystallite size around 2.8 nm, calculated by the Scherrer formula) may facilitate the interaction between the WC core and Pt shell and the synergy effect on methanol oxidation. The detailed mechanistic studies are underway and will be reported in a separate paper.
In summary, we have developed a facile method to synthesize core-shell WC@meso-Pt nanocatalysts with a porous shell morphology by carburizing the micro-sized ammonium metatungstate precursor mixed with copper nitrate via a typical gas-solid reaction, followed by simple Pt replacement of the Cu and electrochemical treatment. The mesoporous nanocomposite displays higher catalytic activity and long-term stability towards the methanol electrooxidation reaction than the commercial Pt/C catalyst. The current methods can be extended or adapted to synthesize other noble metals and their alloy nanocomposites on transition metal carbides for wider ranges of electrocatalysis or heterogeneous catalysis.
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